Recently three experiments reported a discovery of manifestly exotic Z + c (3900) in the decay to J/ψ π + , while J and P are experimentally unknown. We search for this state on the lattice by simulating the channel with J P C = 1 +− and I = 1, and we do not find a candidate for Z + c (3900). Instead, we only find discrete scattering states DD * and J/ψ π, which inevitably have to be present in a dynamical QCD. The possible reasons for not finding Z + c may be that its quantum numbers are not 1 +− or that the employed interpolating fields are not diverse enough. Simulations with additional types of interpolators will be needed to reach a more definite conclusion.
Introduction
Recently the BESIII collaboration [1] observed an interesting state Z + c (3900) with mass M Zc = 3899.0 ± 3.6 ± 4.9 MeV and Γ Zc = 46 ± 10 ± 20 MeV, which decays to J/ψ π + . This suggests unconventional quark structureccdu. The discovery was confirmed by the Belle [2] and CLEO-c [3] shortly after. While BESIII and Belle reported only on the charged Z ± c (3900), the CLEO data also revealed a neutral Z 0 c (3900) state. These three states are expected to form an I = 1 triplet and the neutral stat has C = C J/ψ C π 0 = −1. The spin J and parity P have not been determined from the experiment yet. This is another in a series of unconventional states, which all happen to lie near a threshold. The state of interest lies close to the DD * threshold and many theoretical studies suggest that the closeness of the threshold is related to its existence.
Soon after discovery a number of theoretical works considered this exotic state, employing effective field theories [4, 5, 6] , QCD sum rules [7, 8, 9, 10] and various different approaches [11, 12, 13, 14, 15, 16, 17, 18, 19] .
However, there was no first-principle lattice QCD simulation related to Z + c (3900). The purpose of this paper is to make a first step along these lines. We perform a lattice QCD study using two flavors of dynamical quarks with m u = m d .
The J P of Z + c (3900) is experimentally not known and most of phenomenological models listed above favor J P = 1 + , which corresponds to J/ψ π or DD * in s-wave. For this reason we consider the channel J P C = 1 +− with I = 1 in the present study, while other possible J P would have to be investigated in the future simulations. In a lattice QCD simulation, the states are identified from discrete energy-levels E n and in principle all physical eigenstates with the given quantum number appear. We employ J P C = 1 +− , I = 1 and total momentum zero. So the eigenstates are also the s-wave scattering states D(p)D * (−p) and J/ψ(p)π(−p) with discrete momenta p due to periodic boundary conditions in space. If the two mesons do not interact then p = p n.i. = 2π L |n| and the M 1 M 2 scattering levels appear at E n.i. = E 1 (p n.i. ) + E 2 (p n.i. ). In the presence of interaction between M 1 and M 2 , the scattering levels E are shifted with respect to E n.i. . The shift is negligible or small when the magnitude of the interaction between the two mesons is small. Bound states and resonances lead to levels in addition to the scattering levels.
So our major task is first to determine the discrete energy levels for J P C = 1 +− . And then to find out whether there are any extra energy levels in addition to the discrete scattering states DD * and J/ψ π. A signature for Z + c (3900) would be an additional energy level near E ≃ 3900 MeV.
Lattice setup
This study is performed on one gauge ensemble kindly provided by the authors of [22, 23] . It is generated using a tree-level improved Wilson-Clover action with dynamical u/d quarks in the isospin limit m u = m d . The same action and the quark mass is used for valence u/d quarks rendering m π = 266(4) MeV. Lattice parameters are shown in Table 1 , while further details are given in [20] . A rather small volume is favorable for the purpose at hand in order to avoid prohibitively dense DD * scattering states, as explained in the next section. The dynamical and valence quarks both obey periodic boundary conditions in space. We combine time periodic and anti-periodic valence perambulators into the so-called P +A perambulators in order to extend the effective time size of the lattice to 2N T = 64 [20] .
To minimize the charm-quark discretization effects at a finite lattice spacing the Fermilab method [24, 25] is used for the charm quark. Its mass is fixed by tuning the spin-averaged kinetic mass
) to its physical value [21] . We used the same method on this ensemble and found good agreement with experiment for the conventional charmonium spectrum as well as masses and widths of charmed mesons in [21] , while a candidate for charmonium-like X(3872) was found in [26] .
According to the Fermilab method, the mass splittings between states involving a charm quark are expected to be close to the physical value even at finite lattice spacing. On the other hand, the rest masses are affected by large discretization effects. Consequently, we will (m ηc + 3m J/ψ ) with respect to the spin-averaged mass 1 4 (m ηc + 3m J/ψ ), where am J/ψ = 1.54171(43) and am ηc = 1.47392(31) on our lattice [21] .
Energies of the non-interacting scattering states
Since we will extract the energies of the interacting DD * and J/ψ π states, we first provide the energies of the single particles at p = 0 and p = 2π L , which are relevant in the energy region near E ≃ 3900 MeV. Those where extracted in [20, 21] and are collected in Table 2 .
The non-interacting energies 
Interpolating fields
We use six interpolators with J P C = 1 +− , I = 1 and total momentum zero. The interpolators below are written for Z 0 c with I 3 = 0 that has definite C = −1, but the contractions and the resulting spectrum is exactly the same for the charged Z ± c due to isospin symmetry m u = m d in our simulation:
All interpolators are of meson-meson type, where momenta is projected separately for each meson current: , where the charm quark propagates from the source to sink.
it contains in principle also J P C ≥ 3 +− states, but those are above the region of interest. All quark fields are smeared according to the Laplacian Heaviside smearing [27, 21] with
and N v = 64 for the remaining four.
Although the interpolators (1) have a form, which gives significant coupling to the DD * and J/ψ π eigenstates, we emphasize that they in principle couple to all physical eigenstates with a given quantum number. We would expect that six interpolators (1) are sufficiently many and also sufficiently linearly independent that some of them would couple also to Z c if it has J P C = 1 +− . Note that all interpolators in (1) are products of two color-singlet currents. Interpolators with diquark anti-diquark color structure [qq]3
3c are not implemented explicitly. However this structure is formally present in a linear combination after interpolators (1) are written as a sum according to the Fierz transformations.
Calculation of the energy levels and overlaps
The energies E n of the eigenstates |n are extracted from the time-dependence of the 6 × 6 correlation matrix
for every t and every second t src . We calculate all the Wick contractions in Figs. 1a and 1b entering the 6 × 6 correlation matrix C ij (t). They are evaluated using the distillation method [27] . The contractions in Fig. 1b involve charm annihilation and the correlation functions are dominated by the propagation of the light quarks. Their effect on charmonium states is suppressed due to the Okubo-ZweigIizuka rule, it was explicitly verified to be very small for the conventional charmonium [28] and we postpone the study of their effects to a future publication. Note that almost all previous simulations of charmonium or charmonium-like states omitted charm-annihilation diagrams. In the present paper we present results, where C ij (t) contains contractions in Figs. 1a, where the charm quarks propagate from source to sink.
To recover as many energy levels as possible, currently the best method is the variational method [29, 30, 31 ] also known as the generalized eigenvalue problem
Our results are consistent for 2 ≤ t 0 ≤ 4 and we present them for t 0 = 2. The time dependence of the eigenvalues λ n (t) → e −En(t−t 0 ) gives the energies E n of the eigenstates. These will be presented in Figs. 2 and 3 by means of the effective energies E ef f n (t), which equal E n in the plateau region
The composition of the resulting eigenstates |n will be illustrated in terms of their overlaps O i |n with the employed interpolators. For this purpose we evaluate the ratios of overlaps for the state n to two different interpolators [31] 
These are indeed almost independent of t and they are evaluated at t = 8 in Fig. 2 . The main result of our study are the discrete energy levels E n plotted in Fig. 2 . Instead of E n , we plot E ef f n (t) − 1 4
(m ηc + 3m J/ψ ), where the dominant discretization errors related to the charm quark cancel. The time-dependence shows rather good plateaus, therefore (m ηc + 3m J/ψ ) in the plateau region. The dashed lines represent the energies of the non-interacting DD * and J/ψπ scattering states. In the energy region of interest, we observe four energy levels and all of them almost exactly coincide with the energies of the non-interacting scattering states J/ψ (0)
). We conclude that the observed levels correspond to these scattering states and that the magnitude of the interaction between J/ψ and π or between D andD * is small. The main conclusion based on Figure 2 is that we do not find any additional energy level which could be related to Z (m ηc + 3m J/ψ ) ≃ 820 MeV, represented by the black circles, we believe it is , respectively. This is another signature that they correspond to the almost non-interacting scattering states.
We conclude that we do not find a candidate for Z + c (3900) in the channel with J P C = 1 +− and I = 1 in our lattice simulation with degenerate dynamical u/d quarks and m π ≃ 266(4) MeV.
Discussion and outlook
In the following, several possibilities are listed which might be responsible that we do not find a candidate for Z + c (3900) in the channel with J P C = 1 +− and I = 1:
• The J P of the discovered Z + c (3900) is experimentally not known and it may be that J P = 1 + . A future simulation for other J P is required to investigate this.
• The experimentally observed enhancement in the J/ψ π invariant mass near √ s ≃ 3900 MeV might be due to some non-conventional DD * threshold effect rather than the genuine resonance. Since the existence of Z + c (3900) was confirmed by three experiments, we consider that as a less likely possibility.
• In case that Z + c (3900) with J P C = 1 +− and I = 1 exists in nature, it is still possible that the employed interpolators (1) are not diverse enough and consequently might not lead to an additional level related to it. As discussed in Section 4, the interpolators (1) are expected to have particularly good coupling to the scattering states. But these interpolating fields do not correspond to the true eigenstates, so they are expected to couple in principle to all physical eigenstates (including possible Z + c ) with a given quantum number. In practice, they might not be diverse enough to render exotic Z + c in addition to all the nearby scattering states.
We note that in analogous simulation of the J P C = 1 ++ channel with I = 0, the J/ψ ω and DD * interpolators alone lead to all the scattering states and the χ c0 (1P ) state, but did not render X(3872) near DD * threshold (see Fig. 1d in [26] ). Only when meson-meson interpolators were combined with thecc interpolators, an energy level related to X(3872) appeared. Thecc interpolators can obviously be of no help for the manifestly exotic channel considered in this paper.
To make a more definite conclusion, we suggest to perform a simulation including meson-meson interpolators (1) 8c . These also allow for several combinations in the Dirac space, which lead to the desired J P C . The energy levels would need to be calculated using the combined interpolator basis. A signature in favor of Z c (3900) would be an energy level with E ≈ 3900 MeV in addition to the DD * and J/ψπ discrete scattering levels.
• The non-observation of Z + c could also be related to unphysically high m π ≃ 266 MeV or the exact isospin m u = m d in our simulation, but we consider these as unlikely possibilities.
Our result is based on a single ensemble, but we believe that the continuum limit a → 0 does not modify our conclusion regarding the non-observation of the level related to Z + c . Infinite volume limit is more tricky in this respect as there would be a continuum of scattering states. We expect that a rather small volume L ≃ 2 fm still allows for establishing an existence of an addition level while this strategy becomes more challenging for significantly larger volumes.
In order to provide some guidance for the future simulations aiming at this interesting state, we present energy levels obtained using only O Therefore future simulations need to consider J/ψ π as well as DD * interpolating fields, preferably combined with yet another type.
Conclusions
We do not find a candidate for Z + c (3900) in the channel with J P C = 1 +− and I = 1 in our lattice simulation with degenerate dynamical u/d quarks and m π ≃ 266(4) MeV. This conclusion is based on the simulation of this channel using J/ψ π and DD * interpolating fields, where only discrete J/ψ π and DD * scattering states are found but no additional candidate for Z + c (3900). To make a final conclusion regarding the existence of Z + c (3900) in the J P C = 1 +− channel, we propose a future simulation including J/ψ π and DD * interpolators as well interpolators of yet another type.
